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We report on the storage of light via the phenomenon of Coherent Population Oscillation (CPO)
in an atomic cesium vapor at room temperature. In the experiment the optical information of a
probe field is stored in the CPO of two ground states of a Λ three-level system formed by the Zeeman
sublevels of the hyperfine transition F = 3 → F ′ = 2 of cesium D2 line. We show directly that
this CPO based memory is very insensitive to stray magnetic field inhomogeneities and presents a
lifetime which is mainly limited only by atomic motion. A theoretical simulation of the measured
spectra was also developed and is in very good agreement with the experiment.
The growing fields of quantum information processing
and quantum communications have driven a great in-
terest in the study of coherence preserving memories
for light [1, 2]. A common ingredient of any quan-
tum memory lays on the reversible transfer of coherence
between light and matter. Different physical phenom-
ena and schemes for implementing such transfer have
been demonstrated, including Electromagnetically In-
duced Transparency (EIT) [3, 4], Gradient Echo Mem-
ories (GEM) [5, 6] and Atomic Frequency Comb (AFC)
[7] based memories. The implementation of these mem-
ories involves the creation of ground state atomic coher-
ences which are very fragile against atomic motion and
magnetic field inhomogeneities. Therefore, an enormous
effort has also been spent to increase the storage time of
such memories, where decoherence associated with finite
transit time is circumvented by using inert buffer gas or
by laser cooling of the atomic sample [8] and decoherence
due to inhomogeneous magnetic fields is circumvented by
magnetically shielding the sample or by using magnetic
insensitive clock transitions [9, 10]. In a recent paper, we
have also demonstrated that a five-fold improvement of
the storage time of a Zeeman memory in cold atoms could
be achieved by applying a dc magnetic field orthogonal
to the main magnetic field inhomogeneities [11].
On the other hand, it is well known that optical infor-
mation can also be impressed into the atomic level pop-
ulations [12, 13]. However, for a closed two level system
(TLS) the atomic level population changes, i.e., satura-
tion induced by an optical field, decay with the excited
state lifetime which is usually in range of tens of nanosec-
onds and strongly limits the storage time. Nevertheless,
for an open TLS one part of the saturation dynamic, the
so called Coherent Population Oscillation [14–16], decays
with the ground state lifetime, which opens up the pos-
sibility to store optical information in such systems. In-
deed, a spatial optical memory based on CPO was pro-
posed in [17]. Differently from the memories based on
ground state coherence, a CPO based memory will be
insensitive to magnetic field inhomogeneities, thus elimi-
nating the need of a magnetic field free environment and
allowing long storage time [18]. In this work we first char-
acterize the CPO and EIT spectra by the application of
either a constant and uniform magnetic field or a lin-
ear gradient magnetic field and demonstrate a new type
of optical memory based on CPO at room temperature
cesium atoms.
The experiment is performed in a room temperature
cell filled with 10−6 Torr of Cs atoms, without buffer
gas. We employ the degenerate two-level system asso-
ciated with the cesium hyperfine transition 6S1/2(F =
3) ↔ 6P3/2(F ′ = 2). The Doppler broadened transition
half-width at half-maximum is about 190 MHz. A sim-
plified experimental scheme is shown in Fig. 1(a). The
cesium cell is placed inside three layers of µ-metal shield-
ing and two independent solenoids, one with a constant
pitch and the other with a variable pitch, which pro-
duce a dc constant and a linear gradient magnetic field,
respectively. The µ-metal shielding allows us the system-
atic control, through the two internal solenoids, of the dc
constant and the gradient components of the magnetic
field inside the cell. Light from an external cavity diode
laser has its frequency first locked to the crossover reso-
nance associated with the transitions F = 3 → F ′ = 2
and F = 3 → F ′ = 4, as indicated in the hyperfine
level scheme shown in Fig. 1(b). After passing through a
λ/2 wave-plate and a polarizing beam splitter (PBS), the
two beams have their frequencies shifted down by two in-
dependent Acousto-Optic Modulators (AOM) to nearly
resonance with the F = 3→ F ′ = 2 transition (852 nm).
This allows us to control independently both the ampli-
tude and the frequency of each beam. In order to avoid
beam misalignments during the frequency scan, one of
the AOMs operates in double passage. The two orthog-
onal linearly polarized beams, the coupling (C) and the
probe (P) beams, are superposed at another PBS and
sent into the cesium cell forming a very small angle (θ ≈
0.2 mrad) in order to minimize the beating due to leak-
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2FIG. 1: (Color online) (a): Simplified experimental scheme
for the observation of CPO/EIT spectra and the associ-
ated light storage. PBS (Polarizing Beam Splitter), AOM
(Acousto-Optic Modulator), CPS (Constant Pitch Solenoid),
VPS (Variable Pitch Solenoid), PD (Photodiode). (b) Hyper-
fine levels of cesium D2 line, showing one generic three-level
system associated with Zeeman sublevels of ground and ex-
cited states. ΩC (ΩP ) is the coupling (probe) Rabi frequency,
Γ0 is the population decay rate and γt the transit rate of the
atoms into the beams. (c) Time sequence for the writing and
reading of the CPO and EIT memories. ts is the storage time.
age of the coupling beam. The power of the coupling and
probe beams are equal to 120 µW and 10 µW respectively
before the cell (which is equivalent to averaged Rabi fre-
quencies of 0.4 MHz and 70 kHz respectively inside the
cell). Their relative intensity can be controlled by a λ/2
wave-plate. The two beams have approximately the same
diameter of 5 mm. The linear transmission of the low in-
tensity probe is 27%. After transmission through the cell,
the beams are separated by another PBS and the probe
beam is detected by a fast photodiode.
In Fig. 2 we show the probe beam transmission spec-
trum when a longitudinal dc magnetic field of magnitude
FIG. 2: (Color online) Black curve: Measured probe transmis-
sion spectrum for orthogonal linear polarization of the cou-
pling and probe beams, when a longitudinal constant mag-
netic field of magnitude B = 0.9G is applied. The central
peak at δ = 0 correspond to CPO resonance while the lateral
peaks are associated with EIT resonances as explained in the
text. Red curve: Measured spectrum under the same exper-
imental conditions, but for orthogonal circular polarizations
of coupling and probe beams.
B = 0.9 G is applied along the cell. For this spectrum
the coupling-probe beam frequency detuning δ is scanned
keeping the frequency of the coupling beam at the cen-
ter of the atomic frequency transition for zero magnetic
field. To understand the observed spectrum we note that
for a such orthogonal linear polarization configuration of
coupling and probe beams, perpendicular to the applied
magnetic field (which defines the quantization z-axis),
the two beams have both σ+ and σ− polarization com-
ponents which excite transitions satisfying the selections
rules ∆mF = ±1, as indicated in the generic Λ-three level
system shown in Fig. 1(b). As consecutive magnetic Zee-
man sublevels of the hyperfine ground state F = 3 are
shifted by ∆Z = gFµBB, where µB is the Bohr magne-
ton and gF=3 = −1/4 is the Lande´ factor, Raman res-
onance condition is fulfilled for coupling-probe detuning
given by ±2∆Z . Therefore, the two peaks located at
≈ ±0.7MHz correspond to the usual EIT resonances.
This is consistent with the Zeeman shift predicted for
the cesium hyperfine ground state F=3 (equal to -0.35
MHz/Gauss [21]) for the applied magnetic field. It is
worth noticing that the Zeeman shift in the excited state
F ′ = 2 is equal to -0.95 MHz/Gauss [21], which makes the
one-photon coupling detuning slightly different for the
other three-level systems associated with different values
of the magnetic quantum number mF of the transition
F = 3→ F ′ = 2.
Now we turn our attention to the central peak oc-
curring at δ = 0. Clearly it does not correspond to
any Raman resonance since the Zeeman degeneracy of
3FIG. 3: (Color online) Probe transmission spectra for differ-
ent values of a linear magnetic field gradient (and dc mag-
netic field) for orthogonal linear polarization of coupling and
the probe beams. In the inset we show the linewidth of CPO
(black squares) and EIT(red dots) peaks as a function of the
linear magnetic field gradient.
the ground state was removed by the magnetic field. In
fact this peak corresponds to CPO resonances, where the
same circular polarization components of the coupling
and probe beams interact with two different open TLS,
with opposite one-photon detunings. Indeed, we should
note that similar resonances were already observed be-
fore in metastable He [19]. To corroborate this inter-
pretation, we have also recorded the probe transmission
spectrum when the incident orthogonal linear polariza-
tions are converted into orthogonal circular polarizations
by a λ/4 wave-plate placed just before the cesium cell. In
this case another λ/4 is also placed after the cell to allow
for the separation of probe and coupling beams. The cor-
respondent spectrum is shown by the red curve in Fig. 2,
which just presents one single EIT peak located exactly
at the same frequency detuning as in the previous spec-
trum. The difference in the EIT peak amplitudes could
be associated with optical pumping induced orientation
by the strong circularly polarized coupling beam which
essentially selects one three-level system involving more
atoms and higher Clebsch-Gordan coefficients, and could
also be due to the fact that all the coupling power is now
used for this Λ system, while it was divided between sev-
eral Λ systems in the previous case. However, the width
of the CPO and EIT resonance peaks are of the same
order, indicating that both are determined by the same
broadening mechanism.
In order to demonstrate that the CPO resonance is
not sensitive to magnetic field inhomogeneities, we have
also recorded the CPO spectrum for different values of
the longitudinal magnetic field gradient. For these mea-
surements, we switched off the constant pitch solenoid
and turned on the variable pitch solenoid shown in Fig. 1
(a). This last solenoid produces a magnetic gradient (not
centered on zero magnetic field) which is mainly linear
along the 5 cm cell length. These results are shown in
Fig. 3. As the value of the constant magnetic field com-
ponent is not the same for the different applied magnetic
field gradients, the Zeeman shifts ∆Z and the positions
of the EIT peaks change for the different recorded traces.
Fig. 3 also clearly shows that the amplitude and width
of the CPO peak are not affected by the magnetic field
gradient while the EIT resonances are broadened with
a decreasing amplitude. In the inset of Fig. 3 we plot
the measured linewidth for the CPO and EIT resonances
as a function of the magnetic field gradient: the linear
behavior is consistent with the fact that the two photon
resonance occurs for different probe frequencies along the
cell.
We can try to reproduce these spectra by two differ-
ent methods, using a density matrix description or rate
equations as was done previously in the case of He∗ [19].
The first model uses a first-order Floquet expansion of
the density matrix of the three-level system. It includes
an integration over the magnetic field linear gradient and
the results of such calculations are shown as full lines in
Fig. 4, for the same values of the magnetic field gradient
as in the experiment. The behavior of the EIT resonance
shapes, heights and widths are in excellent agreement
with the experimental data plotted in Fig. 3. The results
obtained by this approach also reproduce the fact that
the central resonance is unaffected by the magnetic field
inhomogeneities, which indicates again that it is not due
to coherences between the ground-state sublevels. Con-
sequently, since it must depend only on the dynamics
of the sublevel populations, it should be well taken into
account by a rate equation model.
In [19], the rate equations in the Λ system were ob-
tained considering an open TLS, which stands for one
leg of the Λ system, the other leg being just dealt with
as an extra decay channel for the upper level. Here, we
derive a more complete rate equation model for the three
levels, which describes the two legs of the Λ-system on
an equal footing. If Ne, N-1 and N1 are the populations
of the upper level |e〉 and the lower levels | − 1〉 and |1〉
respectively (see Fig. 1 for the notations), one obtains:
dNe
dt
= −(Γ0 + γt)Ne + I
−(t)σ
h¯ω0
(N-1 −Ne)
+
I+(t)σ
h¯ω0
(N1 −Ne), (1)
dN-1
dt
= γt +
Γ0
2
Ne − γtN-1 − I
−(t)σ
h¯ω0
(N-1 −Ne), (2)
dN1
dt
= γt +
Γ0
2
Ne − γtN1 − I
+(t)σ
h¯ω0
(N1 −Ne), (3)
where σ is the absorption cross section, Γ0 is the decay
rate of the upper level and γt is the decay rate of the
lower levels which corresponds here to the transit rate of
the atoms through the beam. I+(t) is the total intensity
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FIG. 4: (Color online) Simulated transmission spectra of a
three-level system for different values of a linear magnetic field
gradient using a Floquet expansion to solve the density matrix
equations (continuous lines) or a simple rate equation model
(dashed blue line). Γ0/2pi = 5.2 MHz, γt/2pi = 40 kHz, the
optical coherence relaxation rate for one transition F = 3 →
F ′ = 2 and the Doppler broadening are respectively Γ = Γ0/2
and WD/2pi = 190 MHz. The averaged coupling and probe
Rabi frequencies are ΩC/2pi = 0.4 MHz and ΩP /2pi = 70 kHz.
(probe plus coupling beams) applied on the transition
|1〉 → |e〉 and I−(t) the total intensity applied on the
other leg | − 1〉 → |e〉. With a frequency difference δ
between the probe and the coupling beams, they can be
decomposed as:
I±(t) = I0 + I±1 e
−iδt + I±−1e
iδt,
with I±1  I0 and I±−1  I0. The same first order ex-
pansion applies to the populations:
Nj(t) = N0j + (N1je
−iδt +N−1jeiδt),
where j = e,−1, 1. Then the oscillating part of the pop-
ulation inversion w±(t) = Ne(t)−N±1(t) is found to be
given by:
w−1 = −
w0
2
[
3(I−1 + I
+
1 )
σ
h¯ω0
Γ0 + γt + 3
I0σ
h¯ω0
− iδ +
(I−1 − I+1 ) σh¯ω0
γt +
I0σ
h¯ω0
− iδ
]
, (4)
w+1 = −
w0
2
[
3(I−1 + I
+
1 )
σ
h¯ω0
Γ0 + γt + 3
I0σ
h¯ω0
− iδ −
(I−1 − I+1 ) σh¯ω0
γt +
I0σ
h¯ω0
− iδ
]
,(5)
where
w0 = − Γ0 + γt
Γ0 + γt + 3
I0σ
h¯ω0
(6)
is the dc part of the population inversion. Equations (4)
and (5) exhibit two Lorentzian terms of widths 2(Γ0 +γt)
and 2γt at low coupling power. Since the probe and cou-
pling beams are orthogonally polarized, the probe Rabi
frequency has opposite signs on the two transitions along
the Λ system, as shown in Fig. 1. As a consequence,
the beatnotes along both legs of the Λ-system are in an-
tiphase and I+1 and I
−
1 have opposite signs. The first
terms in equations (4) and (5), which correspond to the
usual CPO resonance of width 2(Γ0 + γt), are then equal
to zero: the CPO resonance width is thus limited by γt,
and not by the excited level population decay rate as in
usual CPO experiments [15].
Fig. 4 shows in dashed line the resonance that can be
obtained with such a rate equation model. It perfectly
reproduces the central resonance plotted in Fig. 3, which
proves again that it is not a two photon Raman reso-
nance but is in fact a dynamical saturation effect. The
CPO storage experiments described below are performed
in this transmission window, which does not involve the
Raman coherence between the lower levels.
In the following we describe the comparative investi-
gation performed on light storage using the CPO and
EIT coherent phenomena respectively. For light stor-
age via the CPO resonance, we apply a magnetic field
of B = 0.9 G and set the coupling-probe detuning at
δ = 0. We then modulate the amplitude of the coupling
and probe beams according to the time sequence shown in
Fig. 1(c), where the coupling and probe beams are turned
on for about 100 µs after which both beams are suddenly
switched off. This duration is long enough to allow the
CPO to reach a stationary regime. After a controllable
storage time ts, only the coupling beam is turned back
on, and then the retrieved signal pulse is detected with
the same polarization as the incident probe beam. As
the polarization optics are not perfect, a small leakage of
the coupling beam intensity reaches the photodetector,
so during the retrieval process one observes the transient
oscillations with a frequency determined by the ambient
magnetic field [20]. In order to eliminate this transient
background oscillations, for each storage time, we have
recorded the retrieved signal both at the center of the
CPO resonance and with the probe beam detuned several
linewidths from CPO resonance, where no probe signal is
retrieved. We then subtract the two signals to obtain the
retrieved pulse as is shown in the inset of Fig. 5. In Fig. 5
we show the plot of the retrieved pulse maximum ampli-
tude (black squares) for different storage times. Under
the same condition of external magnetic field we have
also measured the retrieved pulse amplitude for the case
of orthogonal circular polarizations for the coupling and
probe beams and obtained similar retrieved pulse shapes.
In this latter case, the coupling-probe detuning is set to
the EIT resonance peak as shown in Fig. 2. The depen-
dence of the maximum retrieved pulse amplitude with the
storage time is also shown in Fig. 5 (red dots). Clearly
we see that the retrieved pulse amplitudes decay with
the same decay time of the order of 3.5 µs, obtained by
exponential fits represented by the solid curves in Fig. 5.
The fact the storage decay time is the same for the CPO
5FIG. 5: (Color online) Decay of the retrieved pulse amplitude
for CPO (black squares) and EIT (red dots) memories in the
presence of a constant magnetic field of magnitude B=0.9 G.
As explained in the text, the CPO memory uses orthogonal
linear polarizations for the coupling and probe beams with
δ = 0, while the EIT memory employs orthogonal circular
polarizations at δ = 0.7 MHz. The solid lines correspond to
the respective exponential fittings. In the inset we show the
temporal shape of the retrieved pulse, both for the CPO and
EIT memories.
and EIT memories is consistent with the measurement of
the same spectral linewidths of the CPO and EIT reso-
nances: in the absence of magnetic field inhomogeneities,
the Raman coherence lifetime is limited by the transit of
the atoms through the laser beam, just like the lower
level populations.
FIG. 6: (Color online) Decay of the retrieved pulse ampli-
tude for CPO (black squares) and EIT (red dots) in the
presence of a linear magnetic field gradient of magnitude
dB/dz = 45 mG/cm. The retrieved signal amplitude for the
EIT memory is multiplied by a factor of 5.
However, when a linear magnetic field gradient of
about dB/dz = 45 mG/cm is applied in the cell region,
the measured retrieved pulse decay is quite different for
CPO and EIT memories, as can be seen in Fig. 6. For
the applied linear magnetic field gradient, the EIT reso-
nance is shifted by approximately the same amount as in
the previous case, and in Fig.6 we plot the correspond-
ing retrieved amplitude for the CPO (black squares) and
EIT (red dots) memories. As we can clearly see, now the
EIT memory decay time is reduced to ≈ 0.8µs, while the
decay time of the CPO memory remains unchanged. We
have also observed that, contrary to the previous case
where the amplitudes of the retrieved pulses are approx-
imately equal, the amplitude of the maximum retrieved
signal for the EIT memory is about 5 times smaller than
that for the CPO memory in the presence of a magnetic
field gradient.
In conclusion, we have experimentally investigated the
CPO and EIT spectra in the presence of a linear mag-
netic field gradient and developed a theoretical model to
describe these spectra either through a Floquet expan-
sion of the density matrix or by a rate equation model,
with an excellent agreement between theory and experi-
ment. We have demonstrated a new type of memory for
light which is based on CPO in cesium atoms at room
temperature. Moreover, an extensive comparative inves-
tigation between the CPO and EIT memories under sim-
ilar environments was performed and the robustness of
the CPO memory against magnetic field gradients was
demonstrated. We believe this demonstration will be of
considerable practical importance since it can be imple-
mented using simpler atomic level configurations, as two-
level atoms for instance, and eliminates the necessity of
a magnetic free environment.
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